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ELECTRON-RAYLEIGH WAVE INTERACTION IN THIN
FILM CARBONS!

K. Sugihara
Massachusetts Institute of Technology, Cambridge, MA 02139

ABSTRACT AFOSR.-TR. 88-0229

Sound wave propagation in thin film carbon is investigated in the long wavelength
approximation. Strain-free and stress~free boundary conditions lead to the same solu-
tion. The Rayleigh wave, with a small damping constant and with polarization along
the c-axis, has a small sound velocity vg ~ 10* cm/sec. Since the long wavelength
phonon energies associated with this wave are very small (hw,/ko ~ 1K), these phonon
are highly excited even at T < 1K furthermore, these phonons strongly scatter carriers
at low temperatures. Of particular interest for transport properties is the carrier relax-
ation time rg ~ 107!? sec for thin film thicknesses d < 100A. These phonons are also
responsible for the temperature-dependent negative magnetoresistance of pregraphitic
carbons at low temperatures.

SOUND WAVE PROPAGATION IN THIN FILM CARBONS

In the long wavelength approximation the lattice vibration of graphite is described
by the following equations:

du 292y, +o \ 3%u 3%y

—% 1+g | O Yy -+ g uz £ ¥y

ae? 62- G2 T U 3y3 tv ( 2 ) 6zay [ dz3 azaz] ’ (1)
a

2y, .1 3%u, 6 u( 29%u,
atd — [Bz' + tv; dz3 +$| 3245 6:6: + 6vaz ’

where @ = (u.,u,,u.) is a displacement vector and d%u,/dt? is obtained by interchanging
z « y in 8%u,/dt?. Other quantities in Eq. 1 are:

=(Cp1/p)? = 2.10 x 10%cm/sec, p = density = 2.26g/cm?,

=[(Cy1 = C12)/p]3 = 1.23 x 10°cm/sec, )
v,=(Ci3/p)7 = 3.92 x 10°cm/sec,
o =Poisson ratio = C13/Cy;, ¢ = Cu/p.

¢ or Cyy is very sensitive to crystal perfection, especially to the degree of stacking
faults. The magnitude of Cy4 ranges from 10'%dynes/cm? to 10%°dynes/cm?.[1]-[4] To
solve Eq. 1, two limiting boundary conditions are imposed at z = 0 and z = —d, where
d is the film thickness along the c~axis. Strain free and stress free conditions give rise
to the same equations:

du, + _aﬁ =0 du, Ju, du,
8z dr ' 9z dy

at z =0 and z = —d. Solution of Eq. 1 is obtained in the form:

i(r) = Ue™eilaz—t) Qe (4)
e D o
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The general solution (r) « e@7=“t) can be obtained from Eq. 4 by rotating the coor-
dinate axis in the xy-plane. Inserting Eq. 4 into Eq. 1, we obtain u, = 0 and

SS@ T

-

T

oo (w? ~ viq? + ¢k} U, + i¢qul,=0 (5)
‘C 1¢qrl; + (w? — ¢q* + v2k?)U,=0.

! v Two positive roots «? and «Z exist, if the Rayleigh wave velocity vg = w/q satisfies the
:-“_’ condition: .

o v} < ¢ = Cyu/p. (6)

4

b In terms of the phonon operators by and b, the energy of the Rayleigh wave is quantized
Ay according to

o Oty o, ., . 1

4 2for G{I G0+ G = Shatiin + ), @)

o

"J. where %, = (uz,uy) and u, are given by

:" = TLZB ﬂ e qz_ﬁ e—aq(z+d)_a hﬁ _i hﬂ ] (b-i- —i(gr-wt) +h t(gr-wt)
:;, ©, =~ e coshfqz 5 sinhf(qz € s
~ (8)

-_:_, where § = (¢z,¢,), 7 is a unit vector along the z-~axis and

. %

o B, =~ ;lf(zp:qn> , a=x=uv,/¢i =383, 0 =samplevolume,

o 1

:‘\ Bo = ¢3/(vew?) = 5.09 x 1074, ﬂ:(%)z, (9)

2000
{ v2=§<1—3%§i>:§(1—9;%5-):g.

The last relation in Eq. 9 is valid for ¢gd > 0.1, which leads to d > 10 7cm since
g ~ 10%m~!. In Eq. 9 it is assumed that ¢ = 3.0 x 10%cm?/sec?, a typical value for
samples with a high degree of stacking faults.[2,4] It is easily shown that
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,__:_ U, << U, =~ —azr'izq:(coshﬁqz + %sinhﬁqz) [b;'e""(q"" wt) 4 bqe"("'““")]. (10)

&'
jg For d < 107%cm, Eq. 10 represents a weakly damped Rayleigh wave with polarization
along the c-axis.
Py,
v ) ELECTRON-RAYLEIGH WAVE INTERACTION
o W

:"' The relaxation rate due to the scattering by the Rayleigh wave phonons is obtained
‘o as follows(5]:

. 27k, T D? k.

W, - — ’
£ 1/7r(Es) = hpv a0 Z (1 k: ) (Ex - Bw), (11)
N . - -

- where § = k!, — k,, and k, = (k:,k;). In deriving Eq. 11, the high temperature approxi-
;-' mation N, ~ Ny + 1 ~ koT /hw, is employed, since hw,/kg < 1K for ¢ ~ 108cm™!. D is
15, the electron-phonon coupling constant associated with the out—of-plane vibration and
:}‘_. in bulk graphite D = 3.7 eV.[6] From Eq. 11, we then obtain
[\
25 1 koT La( D )2 1
. —_— — o 0 12
?‘ Tn = Zrhipes or \vnd 4 x 10T /secK, (12)
"
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o where L, denotes the dimension of the thin film in the basal -plane. In evaluating Eq. 12,
' ?. the following parameters are employed:
x
o vg = 4.5 x 10*cm/sec, d =704, L, = 1004, vr =2 x 107cm/sec. (13)
o
- The electron-Rayleigh wave interaction is responsible for the anomalous temperature
dependent negative magnetoresistance of pregraphitic carbons at low temperatures.|7]
A
‘.‘\-
- CONCLUSIONS
»
h 7~ 1. Sound wave propagation in this film carbon is investigated in the long wavelength
' approximation. If the sample thickness d is small (< 100 A) the Rayleigh wave
» " with a small sound velocity (~ 10* cm/sec) propagates without damping and this
o wave is polarized along the c-axis.
f.:_'.j 2. Carriers are strongly scattered by the phonons associated with the Rayleigh wave
v even at T < 1K, since the typical phonon energies interacting with carriers are at
P most 1K.
“" 3. Though the carrier relaxation rate relative to the interaction with the Rayleigh
o wave phonons is one order smzller than that for the impurity scattering, it plays
o an important role in the negative magnetoresistance of disordered carbons at low
® temperature.|7]
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